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THEORETICAL PERFORMANCE OF HYDROGEN-OXYGEN ROCKET THRUST 

CHAMBERS 


Bv Gilbert K. Shivers, William A. Tomazic, and George R. Kinney 


SUMMARY 

Theoretical rocket performance data for the pro- 
pellant combination of liquid hydrogen and hquid 
oxygen are presented in convenient graphical forms 
to permit rapid determ ination of specific impulse , 
vacuum specific impulse , and characteristic velocity. 
Data are presented for both frozen and equilibrium, 
corn position during expansion for chamber pressures 
of Id, 30, 60, 150 , 300, 600, 900 , and 1200 pounds 
per square inch absolute over a wide range of percen t 
fuel from approximately 3 to 34 and area ratios to 
approximately 300. For rapid calculation of the 
theoretical nozzle performance with over- or under- 
expansion, separated flow, and introduction oj 
propellants at different in itial conditions or heat loss 
from the combustion chamber , the following theoretical 
data are also presented : cermbustion-chamber temper- 
ature, nozzle-exit temperature , and the ratio oj 
chamber-pressure to nozzle-exit pressure. An easy 
method is given for estimating theoretical specific 
impulse at chamber pressures other than those 
presented. 

INTRODUCTION 

Interest in hydrogen-oxygen as a rocket; propel- 
lant combination for a wide variety of applications 
including stages for launch vehicles and outer 
space probes has increased the need for theoretical 
performance data over a wider range ol chamber 
pressures than has been generally available (GO, 
1 AO, 800, and GOO lb/sq in. abs, ref. 1). To 
answer this need, data for chamber pressures of 
15, 30, 900, and 1200 pounds per square inch 
absolute were calculated. 

Generally, rocket performance parameters ( I me , 
I, c*) have been tabulated or presented graphically 
as a function of pressure ratio. In this report, 
specific impulse data are presented in a convenient 


graphical form as functions of the ratio ol nozzle- 
exit to nozzle-throat area. Characteristic velocity 
data are presented as functions of chamber 
pressure. These plots, which may he obtained 
in large working sizes (by using the request form 
in back of report), eliminate tedious time- 
consuming interpolation. The following condi- 
tions are considered : 

(1) Eight chamber pressures (15, 110, GO, 150, 
300, G00, 900, and 1200 lb/sq in. abs) 

(2) A wide range of percent fuel by weight 
(7.749 to 33.51 ) 

(3) Equilibrium and frozen composition during 
expansion 

(4) A wide range of area ratio (l to approx. 300) 

Methods are described for using these data to 

obtain quick calculations or estimates ol theoret- 
ical performance at the following conditions: 

(1) Over- or underexpanded flow in nozzle 
flowing full 

(2) Flow separation in nozzle 

(3) Introduction of the propellants at different 
initial conditions or heat loss from the 
combust ion chamber 

(4) Chamber pressures other than those 
present ed 

SYMBOLS 


A 

t F 


F 

Hr. 


nozzle area, sq in. 

coefficient of thrust, C F =g c I I ~ Fj F c A t 
characteristic velocity, g c l\A t iw, ft /sec 


specific heat at constant pressure, 
(d/yd V) p , eal/(g)(°K) 
thrust , 11) 


gravitational conversion 
/lb mass\ / ft \ 
32 • 174 (lb bmT ) (see 2 / 


factor, 


l 
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!I t sum of sensible enthalpy and chemical 
energy at lempcrat lire T , cal/mole 
h sum of sensible* enthalpy and cheuuiral 

energy per unit mass, 

2 ■'■,(//?•),/ -1/, <'al/g 

i 

I speeifie impulse with ambient and nozzle- 

exit pressures equal, (lb force) (sec)/ 
lb mass 

f V(!C specific impulse in vacuum, (lb force) 
(sec) /lb mass 

M molecular weight, 22 t,.!/,, g/g-mole or 

lb /lb-mole 

OF oxidant-fuel weight ratio 

P static pressure (sum of partial pressures), 

Ib/sq in. abs 

R equivalence ratio, ratio of two times the 

number of oxygen atoms to the number 
of hydrogen atoms, 2(0) /(H) 

T temperature, °K 

ir mass-flow rale, Ib/sec 

.r mole fraction 

e ratio of nozzle-exit area to nozzle-throat 

area, AJA t 

c <s . ratio of nozzle-separation area to nozzle- 

throat area, AJA g 

Subscripts : 
a ambient 

v combustion chamber 

( nozzle exit 

! product of combustion 

m mean, after flow separation 

0 at initial or calculated theoretical condi- 

tions 

p constant pressure 

s at separation point 

t nozzle throat 

1 <*orn*ct(*d for over- or underexpansion 

of flow in nozzle 

2 corrected for change in initial heat con- 

tent of propellants or heat loss from 
combustion chamber 

4 corrected for change in initial heat con- 

tent of propellants or heat loss from 
combustion chamber and over- or 
underexpansion of nozzle 

4 corrected for flow separation in nozzle 

METHOD OF CALCULATION 

Theoretical rocket performance data for liquid 
hydrogen- -liquid oxygen at chamber pressures of 


fit), let), 400, and 000 pounds per square inch 
absolute were obtained directly from reference 1. 
Additional theoretical performance data at cham- 
ber pressures of 15, 40, 900, and 1200 pounds per 
square inch absolute, assuming both frozen and 
equilibrium composition during expansion, were* 
furnished by the authors of reference 1. 

The calculations were based on the assumptions 
used in reference 1 and are as follows: perfect 
gas law, adiabatic combustion at constant pres- 
sure, ison tropic expansion, no friction, homo- 
geneous mixing, and one-dimensional flow. The 
products of combustion wore assumed to be tin* 
following ideal gases: atomic hydrogen, H; hydro- 
gen, l:i 2 ; water, U 2 0; atomic oxygen, (); oxygen, 
() 2 ; and the 4 hydroxyl radical, Oil. The propel- 
lants at injection were assumed to be at the boil- 
ing points as given in table 1 (from ref. 1). 

THEORETICAL PERFORMANCE DATA 

Throe theoretical performance parameters, c*, 
f vac , and /, are plotted in figures 1 to 4 for both 
frozen and equilibrium composition during ex- 
pansion for chamber pressures of 15, 40, 00, 150, 
400, 0 )0, 900, and 1200 pounds per square inch 
absolute with a range of percent fuel by weight 
from 7.749 to 44.51 as a parameter. 

Figi re 1 is a plot of characteristic velocity 
againsi chamber pressure 4 . Figures 2 and 4 are 
plots of vacuum spevific impulse and specific 
impulse, respectively, against the 4 ratio of nozzle 
exit-to-tlmmt. area. 

SUPPLEMENTAL DATA 

In order te> calculate thooret ical performance at 
conelit ons either than those 4 presented in this re- 
port., the following supplemental data are 4 
presem ed: 

(1) Combustion-chamber temperature and spe- 
cific heat for the givem chamber pressures 
uid pemmt fuel by weight, table 4 II 

(2) \ozzle-exit temperature, figure* 4 

(4) Ratio of chamber pressure to nozzle-exit 
pressure, figure 5 

The p irameters of figure's 4 and 5 are presented 
as functions of nozzle area rat io. 

METHODS OF USING SUPPLEMENTAL DATA 

The methods and formulas presented herein are 
helpful in using the supplemental data to obtain 
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theoretical performance of nozzles being operated 
at the following conditions: 

(1) Over- or underexpanded flow in nozzle flow- 
ing full (case A) 

(2) Change in initial heat content of propellants 
or heat loss from the combustion chamber 
(case B) 

(3) Combination of conditions (1) and (2) (cast' 
C) 

(4) Flow separation in nozzle (ease D) 

(a) Chamber pressures other than l host' pre- 
sented (case E) 

These methods and formulas apply equally well 
to either frozen or equilibrium composition during 
expansion. 

CASE A 

OVER- OR UNDEREXPANSION OF FLOW IN NOZZLE FLOWING 
FULL 

The specific impulse corrected for over- or under- 
expansion of flow in a nozzle flowing full is 

p — p 

/,=/„+■ J (l A < 0 ) 


where 



For example, consider a thrust chamber using 
liquid hydrogen wit li liquid oxygen as a propellant. 
Tilt' nozzle has an area ratio of (> and is to be oper- 
ated at 300 pounds per square inch absolute cham- 
ber pressure and 14.0 percent fuel with an ambient 
pressure of 14.7 pounds per square inch absolute. 
The theoretical specific impulse with frozen com- 
position during expansion is desired. 

The values of the parameters needed for equa- 
tion (3) are as follows: 

€=i) 

P c /P a = 2(iA\ 

343 lb-sec /lb from fig. 3(j) 

/y/^43 from fig. o(j) 
rj— 7237 from fig. 1(b) 


Therefore, 

/ 1 = 343-Ml/43— 1/20.41) ((>) (7237/32.17) 

— 30S lb-sec/lb 

CASE B 

CHANGE IN INITIAL HEAT CONTENT OF PROPELLANTS OR 
HEAT LOSS FROM THE COMBUSTION CHAMBER 

The results presented in this report are com- 
puted for adiabatic combust ion with propellants at 
the' initial temperatures indicated in table I. A 
change in heat content, of the combustion gases in 
the combustion chamber would result, for example, 
from heat, loss in the combustion chamber or from 
the introduction of tlu' propellants at a tempera- 
ture other than the one indicated. The corrected 
specific impulse assuming isentropie expansion and 
the same combustion and exit pressures as in the 
initial calculations may he closely approximated 
by the following ('([nation: 

n^n+s7{\-^A/ lr ( 4 ) 

where A/q is tin' change in heat content of the 
combustion gases in the combustion chamber and 
the subscript o indicates the original values of the 
parameters. This equation is derived exactly in 
reference 2 for these conditions (isentropie expan- 
sion and constant pressure ratio) and contains a 
second-order term. Actually, if pressure ratio is 
held constant, a change in heat content of tin*, 
combustion gases generally will require a change 
in area ratio; and conversely, if area ratio is held 
constant, the pressure ratio will change. How- 
ever, numerous calculations have been made to 
compart' the approximate values of specific 
impulse as given by equation (4) and the true 
theoretical values. These calculations indicate 
that by dropping the second-order term and 
assuming pressure ratio and area ratio to be 
constant, the error involved is about one impulse 
unit. This order of error should hold as long as 
A/#- r is no more than several hundred calories per 
gram of propellant. The accuracy of plotting 
and reading the curves is probably no greater 
than this. 

Characteristic velocity r* is also affected by a 
change in the heat content of the combustion 
gases. From 

,.* jih 


(5) 
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tho corrected r* becomes: The correct i‘<l characteristic velocity c* is deter- 

mined l>y substituting the values of />, and 
r * *'-'i ft)) c* (7577 ft /see from fig. 1(a)) into equation (7); 

” f ‘ ( ’>'■ - tlu'ivloi-c, 


The ratio ('y,,JPy t 2 has been ealeiilated and tound 
to deviate from unity by li'ss 1 1 1 a 1 1 0.001 over a 
wide range of conditions. Therefore, for all 
practical purposes the ratio can be taken as equal 
to unity, and equation (0) reduces to 



(7) 


^* = (7o77) 


(^h fm h/ " 

CASE ( 


C OMBINATION OF CHANGE IN INITIAL H EAT CONTENT OF 
PROPELLANTS OR HEAT LOSS FROM THE COMBUSTION 
CHAMBER AND OVER- OR UN I)EREX P AND El) FLOW IN 
NOZZLE 


As an illustration, a thrust chamber using 
gaseous hydrogen at 2d 0 ( 1 with liquid oxygen as 
a propellant is considered. The* nozzle has an 
area ratio of 10 and is to be operated at a chamber 
pressure of 150 pounds per square inch absolute' 
and 15.24 percent fuel. The ambient pressure is 
that necessary for ideal expansion. The theoret- 
ical characteristic velocity and specific impulse 
with equilibrium composition during expansion 
are desired. 

The parameter values necessary for equation 
(4) an* as follows: 

( 7Y) 0 — -125 1 ° K froi n t able II 
(7Y), ; — 1 S95° K from fig. 4(g) 

/ 0 —;iS5 ll>-see/lb from fig. 5(g) 

For this example, A/q. is the enthalpy required to 
convert liquid hydrogen at its boiling point to 
gas at 25° C per gram of propellant. From 
table 1. 

A IJ° T — 1 894 cal/ 1 nolo 
For 15.25 percent hydrogen by weight, 


w 2.010 li>00 , ! 

• U= iU525 ==,,5J - g/,nol ° 


±7I C — 4 < !l ^ 


The corrected specific impulse can now be 
obtained by substituting the preceding values 
into <‘(piat ion (4); therefore, 

/|=(3S5)*+87 (l-~§y) (143.3) 
or 

Li — W 92 lb-sec/lb 


The sj)eeific impulse corrected for change in 
initial heat. content of propellants and for over- or 
undo! expansion of How is 


I* = h + 


]> —P 

1 e 1 a 


where / 2 is obtained from equation (4). Com- 
bining equations (2) and (7) gives 

-( Tf 4 'Qc\ ( li\ (O'! 


Bv the use of equation (9), equation (8) be- 


( ] _ i \ / <•; \ \ 

' f\j)\ ]> r /i>J 0 {t) viJ V/,; ) 


Tim example giv(‘ii in east* B is used to illustrate 1 
the use of this equation. All conditions are the 
same with the exception that, the ambient pressure 
is 5.0 pounds per square inch absolute. Tin* 
theoretical specific impulse with equilibrium com- 
position during expansion is desired. 

From case B, 


I ti — 585 lb-see/lb 

t ------ 1 0 

l 2 -^ 592 H>-SPC/]1> 
cj— 7577 ft /sec 

The remaining value necessary for equation (10) 
is 

PJP '= 75 from fig. 5(g) 
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Substituting into equation (10) gives the specific 
impulse corrected for change in initial heat content 
of propellants and for overexpansion of How: 



AWMLV* 1 ? 

ro ) \R2.17/ \rn5 


2\ 


— 345 lh-se<‘/ll) 

C ASK D 


FLOW SEPARATION IN NOZZLE 


The specific impulse corrected for flow separa- 
tion in the nozzle is 


P — P P — P 

/ 4 =/,+' ~ ( ll > 

where I s is the theoretical specific impulse cor- 
responding to the separation area ratio which 
is determined bv the separation pressure ratio 

PJP,. 

Much experimental work has been conduced to 
determine the values of P s and P m (see refs. R, 4, 
and 5). Reference R states that the separation 
pressure for a nozzle is a function only of both 
ambient pressure* and nozzle geometry. Data 
from various sources indicate* that separation 
pressure is insensitive te) other flow parameters 
including fluid properties and composition. 

By rearranging terms and by the use e>f equation 
(2), (equation (11) becomes 


w,+ 







To illustrate the use of thus equation, a liquid- 
liydrogen - liquid-oxygen thrust chamber with a 
conical nozzle having a lf>° half-angle divergence 
and an area ratio of (> is considered. The thrust 
chamber is to lx* operated at a chamber pressure 
of 17)0 pounds per square inch absolute at 17.Ro 
percent fuel with an ambient pressure of 10.0 
pounds per square inch absolute. The specific 
impulse with frozen composition is desired. 

The value of 7\, obtained from reference 4, 
is R.50 pounds per square inch absolute. There- 
fore, PJJ y i{ ~- 1 50/R,5(> — 42. 1 . By use ol this 
value and figure 5(h), t* — 5.8. With this value 
and reference 4, P m can be obtained and is 4.70 
pounds per square inch absolute. Using the value 
of e s and figure R(h) gives 


/ s — R59 lb -sec /lb 


From figure 1 (b), c 0 =~ 7021 feet per second. There- 
fore, the corrected specific impulse for nozzle sep- 
aration from equation (12) is 


->o 


.mi 

150 /J 


= 298 lb-sec /lb 


CASE E 

ESTIMATION OF THEORETICAL SPECIFIC IMPULSE AT 
CHAMBER PRESSURES OTHER THAN THOSE PRESENTED 

There are many methods and procedures that 
can be used to estimate accurately the theoretical 
specific impulse at chamber pressures other than 
those presented in this report. One method of 
using the data is described herein. This method 
is valid over the entire range of pressure presented 
but is illustrated only for a particular range of 
pressure. 

As an example, a liquid-hydrogen -liquid-oxygen 

thrust chamber is considered. The nozzle has 
an area ratio of 5 and is to bo operated at 
a chamber pressure of R50 pounds per square 
inch absolute and 15.25 percent fuel with an 
ambient pressure of 14.7 pounds per square inch 
absolute. The theoretical specific impulse with 
equilibrium composition during expansion is de- 
sired. 

By use of equation (R), the theoretical specific 
impulse can be calculated at 15.25 percent lucl 
at chamber pressures of 150, R00, and 000 pounds 
per square inch absolute. The necessary data 
are obtained from the appropriate curves and 
are as follows: 


Chamber pressure, lb/sq in. abs 
Parameter . . 


i 



150 

300 

000 

€ 

5 ! 

5 ! 

5 

/v/\, 

! 10. 21 i 

20. 41 ! 

40. 83 

fe 

351 

352 

354 

P r , /\ 

28. 4 

29. 0 ' 

29. 5 


7577 

7009 

7009 


'Inserting these data into equation (R) gives 
(A) iso 77 lb-sec /lb 
(/]) 3 oo -^RR5 lb-sec/1 b 
(A )goo=R05 lb-sec/lb 

A plot of theoretical specific impulse against 
chamber pressure with percent fuel as a param- 
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eter can then he made on semilog paper as 
follows : 

380 -- : 



260 

100 150 200 300 400 500 600 

P c , Ib/sq in. abs 

From this plot the specific* impulse at the desired 
chamber pressure* of 350 pounds per square inch 
absolute is found to he 343 pounds per second per 
pound. 

This same procedure can he carried out lor 
other percentages of filed so that a cross plot of 
specific impulse against percent fuel can ho ob- 
tained for any chamber pressure wit Inn the range 1 , 
of 150 to t)00 pounds per square inch absolute*. 
This is particularly useful and timesaving when 
test data an* obtained with tin* same* thrust cham- 
ber at various chamber pressures. 

CONCLUDING REMARKS 

This report contains theoretical data on hydrogen- 
oxygen as a rocket propellant combination over 
a wide* range* of chamber pressures (15 to 


1200 lb/sq in. abs). Conventional rocket per- 
formance parameters an* presented primarily as 
functions of expansion area ratio, so that the 
performance* is related to engine geometry rather 
than to thcrmoeh(*mical parameters as is usually 
done*. This form of presentation allows rapid 
anel accurate calculation of theoretical perform- 
ance* for any hydrogen-oxygen rocket thrust 
chain x*r be*ing operated at any chamber pressure 
within this range at de*sign or off-design condi- 
tions. The* off-design conditions include over- or 
umlercxpundcd flow in nozzle*, flow separation in 
nozzle, introduction of the propellants at a dif- 
ferent le*ve*l of he*at content or heat loss from the* 
combustion chamber. 

Lewis Rkskahcu Ckntkk 

National A k ho n attics and Stack Administration 
Ci kvhlaxd, Ohio, March 13 , 1961 

REFERENCES 

L Cioidon, Sanford, and McBride, Bonnie J.: Theoretical 
Performance of Liquid Hydrogen with Liquid Oxygen 
as a Rocket l > ro])ella-nt-. NASA MEMO 5-21 59 E, 
1059. 

2. Cor Ion, Sanford, and Huff, Year! N.: Theoretical 
Performance of Liquid Hydrazine and Liquid 
Fluorine as a Rocket Propellant. NACA RM 
F 55 El 2, 1955. 

5. Eis< nklain, P., and Wilkie, D.: On Jet Separation in 
S ipersonie Rocket Nozzles. 1 —The Characteristics 
o Flow. JRL 29, Ini])(*rial College- of Sci. and 
Tech. (London), May 1955. 

4. Campbell, C. E., and Farley, J. M.: Performance of 

S *veral Conical Convergent-Divergent Rocket-Type 
[■ xhausl Nozzles. NASA TN I) 407, 1900. 

5. Far ey, John M., and Campbell, Carl FL: Performance 

o Several Method-of-Charaeterist ics Exhaust Noz- 
zles. NASA TN I) 295, 1 900. 


TABLE I. -PROPERTIES OF LIQUID PROPELLANTS 


Properties 


Hydrogen 


Oxygen 


Molecular weight, M 
Density, g cc 
Freezing point, °C 

Boiling point, °C (propellant temperature used in this report) 
Enthalpy required to convert liquid at boiling point to gaseous 
elements at 25° C, kcal mole 
Enthalpy of vaporization, kcal mole 
Enthalpy of fusion, kcal. mole 


2.010 

0.0709 at -252.7° C 
259.20 
252.77 

1.894 

0.210 at 252.77° C 


32.00 

1.1414 at 182.0° C 
218.70 
182.97 

3.081 

1.030 at 182.97° C 


0.028 at 259.20° C i 0.100 at 218.70° C 
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40 60 80 100 200 400 600 800 1000 200 

Chamber pressure, P c , Ib/sq in. abs 

(b) Frozen composition during expansion. 

Figure 1 —Concluded. Theoretical characteristic velocity of liquid hydrogen and liquid oxygen, 
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Ratio of nozzle exit-to-throat area, 


Fuel in propellant, 
percent by weight 



Ratio of nozzle exit-to-throat area, 
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2 4 6 8 10 20 ao 60 80 I CX) 200 400 600 800 1000 

Ratio of nozzle exit-to-tbroot area, * 

(e) Chamber pressure, 30 pounds per square inch absolute; equilibrium composition during isentropie expansion to area ratio indicated. 

Figure 2. — Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen. 
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Rotio of nozzle exit-lo-throat area, « 

(g) Chamber pressure, 150 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 
Figure 2, — Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen 



Ratio of nozzle exit-to-throat area, 



Ratio of nozzle exit- to -throoT area, 


Fuel in propellant, 
percent by weight 


THEORETICAL PERFORMANCE OF HYDROGEN -OXYGEN ROCKET THRUST CHAMBERS 


19 




2 4 6 8 10 20 40 60 00 100 200 400 600 800 1000 

Ratio of nozzle exit-to-throat areo, * 

(k) Chamber pressure, 600 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 

Fiut hk 2.— Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen. 



Ratio of nozzle exit-to-throot area, t 

'll Chamber pressure, (»()() pounds per square inch absolute; frozen composition during iseutropic expansion to area ratio indicated. 
Fici kk 2. — Continued, Theoretical specific impulse in vacuum of liquid, hydrogen and liquid oxygen. 
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2 4 6 8 JO 20 4 0 60 8 0 100 200 400 600 800 | 000 

Ratio of nozzle exit-to-throat area, e 

(in) Chamber pressure, 000 pounds per square inch absolute; equilibrium composition during iscntropic expansion to area ratio indicated. 

Fkitre 2. — Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen. 
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Rotio of nozzle exit -to-throot oreo, < 

(o) Chamber press u re, r 1200 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated, 
Fku re 2. - Continued. Theoretical specific impulse in vacuum of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to-throat area, e 

(e) Chamber pressure, 60 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 

Figure 3. — Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen. 
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Rotio of nozzle exit-to- throat area, 
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Rotio of nozzle exit-to-throof oreo , * 

(i) Chamber pressure, 300 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 
Figure 3. — Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to-throot area, «■ 

(k) Chamber pressure, 000 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 
Ficii kk 3.- Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit- to-throot area.' * 

(in) Chamber pressure, 900 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 

Figure 3. — Continued. Theoretical specific impulse of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to-throot area, « 

(p) Chamber pressure, 1200 pounds per squarojueh absolute*: frozen composition during isentropic expansion to area ratio indicated. 

Fin IKK 2. Concluded. Theoretical specific impulse of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to-throat orea, t 

(b) Chamber pressure, 15 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated. 
Figure 4.— Continued. Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen. 
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2 4 6 8 10 20 40 60 80 100 200 400 600 600 1000 

Ratio of nozzle exit-to-throot area, € 

(cl) Chamber pressure, 30 pounds per square inch absolute; frozen composition during isentropie expansion to area ratio indicated. 

Fioure 1. — Continued. Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to-throot orea , * 

(f) Chamber pressure, GO pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated. 
Figure 4. — Continued. Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen. 
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Rotio of nozzle exit-to-throot orea , 
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Rotio of nozzle exit- to-throot area, « 

(,o) Chamber pressure, 1200 pounds per square inch absolute: equilibrium composition during isontropic expansion to urea ratio indicated. 
Fkm re 4. -Continued. Theoretical nozzle-exit temperatures of liquid hydrogen and liquid oxygen. 
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*d/ 3 d ‘ojjDJ ajnssajj 


Rotio of nozzle exit-to-fhroot orea, 

(c) Chamber pressure, 30 pounds per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 
Figure .5. — Continued. Theoretical ratio of combustion-chamber to nozzle-exit pressure of liquid hydrogen and liquid oxygen. 
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Rotio o ( nozzle exit-to-throot oreo, < 

(d) Chamber pressure, 30 pounds per square inch absolute; frozen composition during isentropic expansion to area ratio indicated. 
Figure .5, — Continued, Theoretical ratio of combustion-chamber to nozzle-exit pressure of liquid hydrogen and liquid oxygen. 
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Ratio of nozzle exit-to- throat area, < 

Chamber pressure, 150 pound?? per square inch absolute; equilibrium composition during isentropic expansion to area ratio indicated. 
Figtre 5. — Continued. Theoretical ratio of combustion-chamber to nozzle-exit pressure of liquid hydrogen and liquid oxygen. 
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Rofio of nozzle exit-to-throot orea, * 

(k) Chamber pressure, (iOO pounds per square inch absolute; <‘<|uil i brim n composition during isentropic expansion to area ratio indicated. 

Figi he 5. — Continued. Theoretical ratio of combustion-chamber to nozzle-exit pressure of liquid hydrogen and liquid oxygen. 
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